ABSTRACT A digital driver that has a switched self-tuning gain in its current regulator is designed for five-phase stepping motors so that their performance could be improved and adjusted more easily, than with an analog driver. The regulator has a fixed gain block in its feedback loop and an adjustable gain in the feedforward path, replacing the integrator and the high gain that were required in previous designs to achieve good steady-state performance and fast response. Extensive experiments have been conducted under typical and extreme actuation conditions, and revealed that the proposed driver performs better than the analog drivers or their discretized equivalents, especially in eliminating undershoots, which were problematic with previous drivers.
INTRODUCTION
Stepping motors are open-loop actuators, whose angular position and speed can be controlled without external sensors [1, 2] . This is achieved by a driver device, which excites proper phases of the motor-coils as determined by its sequencer block, and provides appropriate current to these phases as determined by its current regulator block. While a large number of two-phase stepping-motors are in use for cost-sensitive applications, an increasing number of five-phase motors are being used where higher accuracy is required, such as in pharmaceutical and medical fields. Drivers for such five-phase motors are designed, therefore, to achieve high performance, which tend to make the driver more complex and its implementation more costly.
A large number of research papers have appeared for modeling stepping-motors and designing their drivers [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . They often assume, however, that the angular position and speed can be measured, requiring the use of external sensors and making the system closed-loop. Drivers must cope with time-varying parameters with nonlinearities and uncertainties of the motor, requiring the use of observers, parameter identifications, and adaptive control strategies. Moreover, many of these studies deal with simpler twophase stepping motors and not easily applicable to motors with different number of phases. While a more complex five-phase motor is considered in [10] , the model is applicable only for the hold mode and a set of models would be needed to cover all speed ranges, since motor inductances and torque characteristics vary as the rotation speed changes.
To use stepping motors under open-loop control, an industrial analog current-regulator usually employs an integrator to compensate for the steady-state error caused by the inductance changes and PWM actuation. It would also include a high-gain to improve acceleration performances. Although this type of analog driver performs very well, the integral-windup can occur due to saturation in the PWM, often causing overshoots, undershoots, and/or oscillations whenever the rotation speed of the motor changes rapidly. Thus, a tradeoff between accurate steady-state performance and fast, damped transient responses in the drive voltage is considered to be inevitable. Furthermore, control settings can be adjusted only by changing appropriate circuit elements off-line. Digital current regulators are designed by discretizing this otherwise superb analog regulator such that stability is guaranteed by using the Plant-Input-Mapping method in [11] [12] [13] . However, further improvement on the performance was found to be extremely difficult. For instance, it has been difficult to eliminate undershoots in the drive voltage when the motor must reduce its rotation speed quickly. Thus, such undershoots appear also using the digital drivers obtained by discretizing the analog original, and modification of its parameters does not solve the problem.
In the present study, a new digital controller is designed, where the reference model is assumed to be a simple gain. It is noted that the simplicity of the reference model used is a key advantage of the proposed controller. Steady-state errors caused by the PWM and variations of plant characteristics due to changes in rotation speed are considered as changes in the reference model gain. To compensate for such changes, an adjustable gain is included in the forward path and updated on-line using a switched adaptation algorithm. Since theoretical analyses of performances involving such algorithms are intractable due to nonlinear and time-varying nature of the system, a series of experiments are conducted to verify good performances and operational safety of the proposed digital driver.
The paper is organized as follows: A conventional analog driver is briefly reviewed and a self-tuning digital driver with switching is proposed in Section 2. The performance of the proposed driver is examined though experiments in Section 3. Conclusions are given in Section 4.
STEPPING-MOTOR DRIVERS

Analog Driver
Systems actuated by stepping motors, such as automated production lines, are usually designed assuming that the motors are driven under open-loop control using rectangular and trapezoidal actuation patterns, which are illustrated in Fig. 1 . The rectangular drive pattern is used to suddenly rotate and stop the motor at its maximum capacity, which can be used within the self-startup range. This drive pattern tends to cause overshoot and undershoot in the drive voltage to the motor coils. The trapezoidal drive-pattern includes acceleration and deceleration phases and allows the user to operate the motor beyond the self-startup range. In both drive-patterns, the effects of motor-inductance appear strongly whenever the motor speed is changed rapidly, making the drive voltage oscillate, thus causing overshoots and undershoots. Figure 2 is a schematic of the stepping motor and its analog driver, which is produced by Melec Inc. and used for the study. The driver consists of the excitation sequencer, the reference current generator, the current regulator and the PWM circuit. The present study deals with the design of a digital current regulator, for which the plant is considered to have its input u as the actuation voltage signal to the pulse-width-modulator (PWM) and its output i as the detected voltage that represents motor-current. The PWM block generates the pulses at the rate of 50 kHz with a variable pulse-width modulated by the duty-ratio based on the actuation signal u. The reference-current block generates the reference signal r for the motor-current based on the drive-pattern and torque-requirement set by the user, the drive voltage applied to the motor coils, and the detected motor-current.
The current-regulator, which is the main topic of the present study, adjusts the current to the motor coils, based on the difference between the reference-current signal and the detected motor current. The control objective of the current-regulator is to equate the motor current i, which is the total of five branch currents flowing through the coil-phases, and the reference-current r as closely as possible. The power spectrum of the reference signal r under the condition of maximum-power setting possible with the present set of equipment revealed that an upper limit of the frequency components contained in the reference-current signal is about 100 Hz. Figure 3 is a block diagram of the analog current regulator considered in our previous studies [11] [12] [13] , where
The integrator is used in analog drivers to eliminate steady-state errors caused by variations of the motor gain and such nonlinearities as dead-zone and saturation that exist in the PWM. The transfer function of the system from the reference current r to the actual motor current i can be written as
which is a closed-loop system with respect to i for the driver, but is open-loop from the user's point of view with respect to the angular position of the motor shaft. To repeat, for the purpose of the digital currentregulator design, the plant is the portion of the overall stepping-motor system from the control signal u to the motor current i. From the experimental Bode plots of the plant obtained in open-loop when the input-pulse rate is set to 0, 2000, and 4000 pps (pulse-per-second), it was found that the plant has roughly constant gains and zero phase-angles below about 200 Hz, although the values of gain depend on the pulse rate. Since the integrator used in the analog driver is such that |1/C| = 10 −4 |s| and much smaller than |BG| = 1.84|G| below 200 Hz, the overall transfer function, Eq. (2), can be approximated as
Therefore, a constant-gain reference model M, which can be achieved with the existing analog driver, has been chosen to be the candidate for the present digital driver design, so that
This model will be used in the design of the digital driver to determine the adaptive gain. The simplicity of this model is a key advantage of the proposed approach. 
Digital Driver
While the integrator is important in eliminating the steady-state error and the high gain in making the transient response fast, overshoot and, in particular, undershoot often result in the drive voltage. The initial digital drivers used were simply digital versions of the analog driver. As such, they could not overcome these issues, and so a new approach has been attempted. The structure of the proposed current regulator is shown in Fig. 4 , where M is the reference model given by Eq. (4). Gain B given by Eq. (1) is now preceded by a filter F to reduce unwanted high frequency components in the output-current by suitable choice of its order and corner frequency.
In the present study, the following digital first-order low-pass filter with a corner frequency of α is chosen
where the subscript k indicates that the associated signal is a discrete-time variable and denotes a step number with a constant discrete-time interval T implicitly assumed, and the δ operator is defined [14] as
where q the usual shift-left operator such that qx k = x k+1 . The stable region in δ operator is inside of the stability circle, which is centered at −1/T with the radius of 1/T , and tends to cover the entire left-half plane, as in the continuous-time case, as T approaches zero. This filter can be considered as a forwarddifference model of an analog filter α/(s + α), where 2T α 1, and can be written as
where ε is an operator in the transformed-domain that corresponds to δ in the time-domain [14] . How the value of α is chosen will be explained in the next section.
Compared with the analog-driver (Fig. 3) , the integrator C is removed and fixed-gain block A is replaced with the variable gainθ k , which is to be updated at each discrete-time instant as will be explained shortly. The proposed control law is given by
where the parameter update law forθ is chosen as
In the above, e k is the error signal defined by
which represents how far the actual motor current is from what it should be, and the parameter update law tries to reduce this error. The gain γ is the adaptation gain defined by
where Γ is a positive constant. The switching function σ k is defined as
where S Hi is the saturation value imposed on the control input u k due to the PWM modulator. This switching in the adaptation gain is introduced to reverse the sign of parameter increment, and is intended to prevent the parameter estimate and the control input from diverging. Since the behaviour of the overall system is intractable to analyse due to its nonlinear and time-varying nature, extensive experiments have been conducted to assess and verify the performances of the proposed driver.
EXPERIMENTS
System Description
The design of the controllers is carried out in the Matlab/Simulink (The MathWorks) environment and the proposed self-tuning control algorithm is implemented on a digital signal processor DS1103 (dSPACE). The experimental data are collected using ControlDesk software (dSPACE). The stepping-motor is a PK566-HB (Oriental Motor), whose maximum self-start-up speed is about 2.2 rps. A rotary laser encoder M1 (Canon) is attached to the motor to measure the motor angle and confirm synchronization between the input pulses and the motor shaft position but not to use it for control purposes. The driver is an ADB5410 (Melec), which is modified so that internal signals can be accessed without disturbing the behaviour of its current and so that its analog current-regulator can be by-passed to allow digital control via the DS1103. This driver has a Pulse-Width-Modulator MB3789 (Fujitsu), which runs at 50 kHz. The A/D and D/A are those included in the DS1103 and are synchronized with the DSP at the sampling rate f S of 50 kHz, or the sampling interval T of 20 µs.
Parameters
An extensive series of experiments have been carried out and typical results are presented below. Table 1 shows the values of parameters used in the experiments, which are determined as described below.
• The sampling period T is chosen to be 20 µs, i.e., a sampling frequency f S of 50 kHz.
• The saturation value S Hi is 1.03 volts, since the input range of the analog PWM IC is 0.3 ∼ 1.03 volts.
• The reference model M is chosen as a gain of 0.2717, as obtained in Eq. (4).
• The corner frequency α of the first-order low-pass filter F is determined from experiments to be 16 Hz (α ≈ 100 rad/s), which remains fixed since the sampling intervals tested are sufficiently small. This choice of corner frequency makes the Bode magnitude plot of the plant flatter, approximating a pure gain, below the intended 100 Hz range. • The initial estimateθ 0 has negligible effect on the response and is set to be 0.7. Since the parameter update algorithm starts when the system is turned on and the stepping motor is always started from the HOLD mode, an ideal value forδ 0 is that for the HOLD mode. It is found from experiments that the variable gain converges to 0.73 within 50 ms for the range ofθ 0 = 0.2 to 3.0. (The upper bound is limited by the value of the adaptation gain. The larger the gain, the larger the upper bound. The lower bound is limited by the dead-zone of the PWM. Ifθ 0 is small such that the resulting initial control input is below 0.3 v, which is the threshold (dead-zone) of the PWM, the adaptation algorithm does not start.)
• For a given sampling period, the performance of the motor is most affected by gain Γ, as will be explained in detail next.
Results and Observations
To verify the performance of the proposed digital current-regulator, extensive experiments were conducted. Table 2 shows the conditions of the two typical actuation patterns used widely in practice. In both cases, the motor starts at START-UP speed and accelerates at a constant rate specified by RATE, until it reaches the top speed given as SPEED until the total number of pulses equals PULSE INDEX. The two cases used are the following:
• Case 1 (Rectangular Actuation): The motor starts or stops rotations with its maximum capabilities but stays within its self-start-up range at all time.
• Case 2 (Trapezoidal Actuation): The motor starts or ends rotations within the self-start-up range and accelerates into or decelerates out of, the slew range at a specified rate.
The experimental results are shown below for Cases 1 and 2. It should be noted that an encoder is used in the experiments to monitor the angular position of the motor and confirm that it rotates without loss-ofsynchronism. Figures 5a to d show the time responses of the drive voltage V, which is the net voltage applied to the motor as shown in Fig. 2 . While not used for control input generation, this is the signal commonly used by designers when assessing the driver performance. Figures 5a and b show the drive voltage at the rising-edge of the rectangular actuation, respectively, for small (100 ∼ 300) and large (1000 ∼ 3000) values of adaptation gain Γ. It can be seen from these figures that, in general, the settling time decreases with increasing gain. While the speed of response is fastest (the rise time is smallest) with the analog driver, there is a large overshoot. In contrast, overshoot is smaller and the settling time tends to be similar using the digital driver, except for Γ = 100 that has the largest settling time. Figures 5c and d show the same plots for the falling-edge of the actuation, where undershoots are larger due to the back-emf of the motor coils. The speed of response is again fastest with the analog driver, but undershoot is largest. Using the digital driver, undershoot also becomes smaller as Γ becomes smaller, but the speed of response becomes slower.
Case 1
Figures 6a to d show the drive voltage V , the motor current i, the control input u, and the estimated parameter forθ k for Γ = 100. The analog driver has no provision for users to change performance such as the amount of overshoot and undershoot. In particular, the drive voltage at the falling-edge can go negative, which can severely shorten the life of the drive capacitor. There are also applications where oscillations must not happen when the motor is stopped. While removing undershoot has been difficult using the analog driver, this can be achieved easily using the proposed digital driver. As can be seen in Fig. 6a , the drive-voltage does not have overshoot or undershoot, although the rise time and the settling time are larger. Figure 6b shows the motor current as measured in volts, which is equivalent to the motor torque. The digital driver produces a smaller torque when starting the motor rotation, while it produces a larger torque when stopping the rotation, eliminating the ringing that was inevitable with the analog driver. Figure 6c is the control input that is to be pulse-width-modulated. The input generated by the analog driver has a large spike at both the rising and falling edges, which is absent with the digital driver. The input using the analog driver actually reaches the upper limit at the start. Figure 6d depicts the estimated parameter, which converges to around 1.24 when the motor rotates at 2 rps and goes back to 0.73 when the motor returns to the HOLD mode.
Figures 7a to d are the same plots as Fig. 6a to d but for Γ = 3000. They show that the speed of response in the rising-edge can be improved at the cost of undershoot approaching that of the analog case. It can be seen by comparing Fig. 6d and d that a larger adaptation gain results in faster convergence of the parameter estimate, at the cost of larger oscillations, which make the control input a little more oscillatory. However, the drive voltage still reaches the same steady-state value as with the analog driver. In general, the speed of drive-voltage responses for the digital driver is slightly slower than that of the analog driver, but the settlingtimes are similar. Again, undershoot in the falling-edge can be made similar to that using the analog driver and reduced by making Γ gain smaller. While the rise time of V may be larger in the rising edge, there are no undershoots in the falling-edge using the digital driver.
Figures 9a shows that the settling times are almost identical between the analog and the digital drivers, while the rise-time is larger and the amount of undershoot is smaller with the digital driver using a gain of Γ = 100. Figure 9b shows that the motor current at the falling-edge is larger with the digital driver and reduces undershoot in V . Figure 9c indicates that the control input saturates in the analog driver at the supply voltage to the op-amp at 2.4 volts and stays there until the falling-edge occurs. In contrast, the digital current regulator switches the update-law forθ k when the control input crosses 1.03 volts so that u is kept around this value.
Figures 10a to d are the same plots for Γ = 3000. As in Case 1, the larger the adaptation gain is, the faster the parameter convergence and the larger the oscillations are, although the drive voltage again settles at the same steady-state value as with the analog driver.
Overall, the gain of around Γ = 300 is recommended, which achieves good balance between the amount of undershoot and the rise-time. The gain should be limited to below about Γ = 3000 since the drive-voltage at HOLD mode becomes too oscillatory above this value. When the analog-driver performance is desired, Γ = 3000 should be used.
Besides the two cases described so far, the motor has been operated for a number of times continuously for 30 minutes at a time, which was the maximum possible due to a memory size limit for the experimental set-up used in this study. It was confirmed that no parameter burst, unsafe operation, or unexpected violent behaviour occurred using the proposed digital driver using the gain below Γ = 3000. It should also be noted that the driver operated the motor without any loss-of-synchronism.
CONCLUSIONS
A self-tuning digital current-regulator with a stable fixed-gain feedback loop and an adjustable gain in the feedforward path has been designed for a five-phase stepping motor. The feedforward gain is adjusted to approach a value that achieves zero-error ideally in the motor current. The adaptive gains are switched about the input saturation value, making the near-saturating input to chatter with the amplitude that increases as the adaptive gain does. The performance of the proposed driver has been verified and safe operations confirmed through extensive experiments carried out under the two actuation patterns given in Table 1 . In particular, it was demonstrated that, by choosing the adaptation-gain to be around Γ = 300, the proposed digital-driver was capable of eliminating undershoots in the negative step-change in the rectangular and trapezoidal driving modes, which have been difficult to remove or suppress using a current-regulator with the integral-control action. It was also shown that the performance of the analog-driver can be realized using Γ = 3000.
While the analyses of system performances are intractable due to the nonlinear and time-varying adaptive algorithm in the digital driver, the experimental results obtained are highly encouraging in the sense that the proposed driver always behaves in a stable and safe manner with no steady-state error, and transient performances can be modified more easily than with the analog driver and its digital equivalent designed previously. The self-tuning scheme seems to be suited to stepping motors operated in open-loop, where they always start from the hold mode with a fixed initial value.
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